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Abstract
We discuss how an anomalous U(1) symmetry when appended to MSSM and
SUSY GUTs [e.g. SU(5)] can help overcome a variety of puzzles related to charged
fermion masses and mixings, flavor changing processes, proton decay and neutrino
oscillations. Proton lifetime for SU(5) GUT, in particular, is predicted in a range
accessible to the ongoing or planned searches.
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1 Introduction: Some Puzzles of MSSM and Beyond
The standard model provides an excellent description of almost all present experimental
data. Supersymmetry (SUSY) is highly motivated because it offers possibility of resolving
the gauge hierarchy problem. Furthermore, superstring theories are believed to be good
candidates for a unified description of gauge theories and quantum gravity. Therefore,
for realistic model building including SUSY is a good way to proceed and SUSY GUTs
provide an excellent example. However, supersymmetry introduces several problems and
puzzles which require explanations. The puzzles can be divided in two categories: 1
puzzles which are common only to SUSY theories, i.e. those which appear due to SUSY
extension (SUSY puzzles); and 2 The puzzles which exist also in non-SUSY theories and
within SUSY extensions have the same status (non-SUSY puzzles). From puzzles 1, 2 we
list here only those which we will attempt to resolve.
1 SUSY puzzles
a) Problem of FCNC arises because with SUSY there is a new source for flavor viola-
tion. Apriori, without any specific arrangement there is no universality and an alignment
(which would guarantee flavor conservation) in the soft SUSY breaking terms. This can
create non-diagonal gaugino-fermion-sfermion interactions, leading to the FCNC [1].
b) d = 5 Baryon number violation;
With SUSY there is a new source for baryon number violation. Namely d = 5 operators
[2]
λ
M
qqql ,
λ′
M
ucucdcec , (1)
where M is some cutoff mass scale and λ, λ′ are dimensionless couplings depending on
the model. In GUTs, M usually stands for colored triplet masses. In minimal SU(5)
the nucleon decay mainly proceeds through the channel p → Kν and its lifetime is
estimated to be 1029±2 yr [3], [4], which is embarrassingly small in comparison with the
latest SuperKamiokande (SK) limit τ expp
>
∼ 10
33 yr [5]. Therefore, some mechanism (with
reasonable extension) [4], [6], [7] must be applied to suppress these contributions. Once
colored triplet induced d = 5 operators are properly suppressed, one has to take care
of Planck scale d = 5 baryon number violating operators. In (1) with M = MP l =
2.4 · 1018 GeV, in order to satisfy the experimental bounds we need λ, λ′ <∼ 10−8. This
kind of suppression requires additional explanation [4], [8]-[13].
2 Non-SUSY puzzles
a) Problem of flavor - hierarchies between charged fermion masses and mixings;
In the charged fermion sector there are noticeable hierarchies within the fermion
Yukawa couplings and the CKM matrix elements. Since the mass of the top quark is
close to the electroweak symmetry breaking scale (∼ 100 GeV), its Yukawa coupling is
of order unity (λt ∼ 1). As far as the Yukawa couplings of the b quark and τ lepton
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are concerned, their values could vary in a range λb ∼ λτ ∼ 10−2 − 1, depending on the
value of the MSSM parameter tan β (∼ 1−60). Introducing the dimensionless parameter
ǫ ≃ 0.2, one can express the observed hierarchies between the charged fermion Yukawa
couplings as follows:
λt ∼ 1 , λu : λc : λt ∼ ǫ6 : ǫ3 : 1 , (2)
λb ∼ λτ ∼ λtmb
mt
tanβ , λd : λs : λb ∼ ǫ5 : ǫ2 : 1 , (3)
λe : λµ : λτ ∼ ǫ5 : ǫ2 : 1 , (4)
while for the CKM matrix elements:
Vus ∼ ǫ , Vcb ∼ ǫ2 , Vub ∼ ǫ3 . (5)
In constructing models, one should arrange for a natural understanding of the hierarchies
in (2)-(5).
b) Atmospheric and Solar Neutrino puzzles;
The latest atmospheric and solar neutrino data (see [14] and [15] respectively) seem
to provide convincing evidence for the phenomena of neutrino oscillations. Ignoring the
LSND data, the atmospheric and solar neutrino anomalies can be explained within the
three states of active neutrinos. In this paper we will study oscillation scenarios without
the sterile neutrinos, which are disfavored by the data [15, 14].
The atmospheric neutrino data suggest oscillations of νµ into ντ , with the following
oscillation parameters:
A(νµ → ντ ) ≡ sin2 2θµτ ≃ 1 ,
∆m2atm ≃ 3 · 10−3 eV2 . (6)
The solar neutrino anomaly seems consistent with oscillation scenarios, amongst which
the most likely seems to be the large angle MSW (LMA) oscillation of νe into νµ,τ [15],
with the oscillation parameters:
A(νe → νµ,τ ) ≡ sin2 2θeµ,τ ≈ 0.8 ,
∆m2sol ∼ 10−4 eV2 . (7)
The scenario of low MSW (LOW) oscillations of solar neutrinos require:
sin2 2θeµ,τ ≃ 1.0 ,
∆m2sol ≃ 8 · 10−8 eV2 . (8)
Let us note that the small angle MSW and large angle vacuum oscillation solutions seem
to be disfavored by data.
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It is worth noting that within MSSM, the neutrinos acquire masses only through non-
renormalizable d = 5 Planck scale operators liljh
2
u/MP which, for 〈h0u〉 ∼ 100 GeV and
MP = 2.4 · 1018 GeV (reduced Planck mass) give mνi ∼ 10−5 eV. Therefore, for (6) or
(7) we need physics beyond the MSSM. In order to generate the appropriate neutrino
masses, we will introduce heavy right handed neutrino states Ni. The ‘light’ left-handed
neutrinos will acquire masses through the see-saw mechanism [16].
In building neutrino oscillation scenarios, the main challenge is to generate desirable
magnitudes for neutrino masses and their mixings, and to understand why in some cases
the mixing angles are large (and even maximal), while the quark CKM matrix elements
(5) are suppressed. Below we will present a mechanism which successfully resolves all of
these problems.
c) Wrong asymptotic relations originating from GUTs.
Within GUTs the quark-lepton families are embedded in unified multiplets and be-
cause of this, wrong asymptotic relations for masses and mixings are possible unless some
care is exercised. In minimal SU(5) chiral matter consists of anomaly free 10 + 5¯ super-
multiplets per generation, where 10 = (q, uc, ec), 5¯ = (l, dc). The couplings generating the
up, down quark and charged lepton masses are respectively 10 · 10 ·H + 10 · 5¯ · H¯, (H , H¯
are ’higgs’ superfields in 5 and 5¯ representations). The second coupling gives Mˆ0f = Mˆ
0
d
at GUT scale, which for the third generation yields the reasonable asymptotic relation
m0b = m
0
τ , but for light generations it gives
(
md
ms
)0
=
(
me
mµ
)0
which is unacceptable. For
improving this picture, either a scalar 45 plet [17], or vector-like matter [18], [7], or some
non-renormalizable operators [19] can be employed.
As we see, for solving the problems listed above, an extension of the minimal scheme is
needed. Otherwise, in some cases, we should simply assume the presence of appropriately
suppressed couplings and mass scales [for instance for 1.b), 2.a), b)]. The latter puzzle
is tied to the so-called naturalness issue [20], namely why are some couplings and scales
small, when apriori there is no reason to expect it? Below we discuss some extensions
which provide natural mechanisms for resolving the above-listed problems.
2 Anomalous U(1) as a Flavor Symmetry and Medi-
ator of SUSY Breaking
We introduce a U(1) gauge symmetry which acts as a flavor symmetry and provides for
a natural understanding of the hierarchies between charged fermion masses and mixings.
U(1) also turns out to be crucial for building textures of neutrino mass matrices that
provide scenarios for simultaneous explanations of atmospheric and solar neutrino puzzles.
It will turn out that U(1) is anomalous, which allows us to use it as a mediator of SUSY
breaking [21], [22]. Thanks to this, the squarks and sleptons which correspond to the
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light generations can have masses of few · 10 TeV (this value can be acceptable also for
b˜c, ν˜τ and τ˜ in the low tanβ regime). Because of this, the FCNC can be adequately
suppressed due to the decoupling [23]-[26], [22]. It turns out that together with this, some
nucleon decay modes are strongly suppressed [26], [22]. Namely, diagrams with heavy
squarks and/or sleptons inside the loops decouple. As far as the Planck scale d = 5
baryon number violating operators are concerned, they can also be adequately suppressed
by the U(1) symmetry. Therefore, the advantages of U(1) symmetry are manyfold, and
we will present an SU(5) GUT to show how things work out.
The anomalous U(1) factors can arise from string theories 4. Cancellation of the
anomaly occurs through the Green-Schwarz mechanism [27]. Due to the anomaly the
Fayet-Illiopoulos D-term ξ
∫
d4θVA is always generated, where in string theory ξ is given
by [28]
ξ =
g2AM
2
P
192π2
TrQ . (9)
The DA-term will have the form:
g2A
8
D2A =
g2A
8
(
ΣQa|ϕa|2 + ξ
)2
, (10)
where Qa is the ‘anomalous’ charge of ϕa superfield. For U(1) breaking we introduce the
singlet superfield X with U(1) charge QX . Assuming ξ > 0 [TrQ > 0 in (9)], and taking
QX = −1 , (11)
the cancellation of DA in (10) and nonzero 〈X〉 are ensured (〈X〉 =
√
ξ). Further, we will
take 〈X〉
MP
≡ ǫ ≃ 0.2 , (12)
where ǫ turns out to be an important expansion parameter. Let us note that an anomalous
U(1) for understanding the hierarchies of fermion masses and mixings and a variety of
neutrino oscillation scenarios has been discussed in several papers of [29]-[35], [7], [22],
[18], [36], [11]
2.1 Neutrino oscillations and quark-lepton masses
Let us begin with the neutrino sector and we first discuss two ways of obtaining large/maximal
neutrino mixings with the help of U(1) flavor symmetry. With two flavors of lepton dou-
blets l1 and l2, one way of having large mixing is the so-called democratic approach. Here
4Recently, ref. [13] presented an example where anomalous U(1) arises in 4D level through 5D orbifold
compactification. The cancellation of anomalies occur through bulk Chern-Simons term.
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the U(1) symmetry does not distinguish the two flavors [29], i.e. they have the same U(1)
charges Ql1 = Ql2 = n(positive integer number). In this case, the expected neutrino mass
matrix will be:
mˆν =
(
1 1
1 1
)
m¯ǫ2n , m¯ = h
2
u
M¯
, (13)
with entries of order unity (M¯ is some mass scale and we have assumed Qhu = 0).
Therefore, naturally large ν1 − ν2 mixing is expected, sin2 2θ12 ∼ 1. Also, one can expect
mν1 ∼ mν2 , and if this mechanism is used for atmospheric neutrinos, somehow one has
to keep one state light, in order to accomodate also the solar neutrino puzzle. This can
be done [30, 18] by introducing a single right handed neutrino N . After integrating it
out, due to degeneracy only one state acquires a non-zero mass. The remaining states
can be used for the solar neutrino puzzle. An appropriate mass scale for the latter can
be generated by introducing a relatively heavy right handed state N ′ with suppressed
coupling to N .
A different approach is the so-called maximal mixing mechanism [31], [36], [11]. It is
realized by assigning different U(1) charges for the flavors l1, l2. Introducing two right
handed states N1, N2 and the following U(1) charge prescriptions
Ql1 = k + n , Ql2 = k , Qhu = 0 ,
QN1 = −QN2 = k + k′ , (14)
with k, n, k′ > 0 , n >− k
′, the ‘Dirac’ and ‘Majorana’ coupling are given by:
N1 N2
l1
l2
(
ǫ2k+n+k
′
ǫn−k
′
ǫ2k+k
′
0
)
hu ,
N1 N2
N1
N2
(
ǫ2(k+k
′) 1
1 0
)
MN .
(15)
After integrating out the heavy N1,N2 states, the neutrino mass matrix is given by
mˆν =
(
ǫn 1
1 0
)
m¯ , m¯ = h
2
uǫ
2k+n
MN
, (16)
a quasi off-diagonal form, leading to a mixing angle
sin2 2θ12 = 1−O(ǫ2n) , (17)
which is close to maximal mixing. The form (16) is guaranteed by the appropriate zero
entries in (15), which are ensured by U(1) symmetry. This mechanism turns out to be
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very convenient for achieving nearly maximal mixings between neutrino flavors within
various realistic models, such as SU(5) [18], SO(10) [35], SU(4)c×SU(2)L×SU(2)R [11],
etc.
Returning to our scheme, we attempt to obtain the bi-maximal texture through U(1)
flavor symmetry. For this, we will combine the two mechanisms discussed above. Namely,
the second and third lepton doublet states will have the same U(1) charges, which will
lead to their large mixing. The state l1 will have a suitable charge, one that ensures
maximal ν1 − ν2 mixing.
Introducing two right handed N1,2 neutrino states and choosing U(1) charges as
QX = −1 , Ql2 = Ql3 = k , Ql1 = k + n , Qhu = Qhd = 0 ,
QN1 = −QN2 = k + k′ , (18)
with
k, n, k′ > 0 , n >− k
′ , (19)
the ‘Dirac’ and ‘Majorana’ couplings will have forms:
N1 N2
l1
l2
l3


ǫ2k+n+k
′
ǫn−k
′
ǫ2k+k
′
0
ǫ2k+k
′
0

 hu ,
N1 N2
N1
N2
(
ǫ2(k+k
′) 1
1 0
)
MN
. (20)
After integrating out N1,2, we obtain the texture
Mˆν ∝

 ǫ
n 1 1
1 0 0
1 0 0

m , m = ǫ2k+nh2uMN , (21)
In (21) coefficients of order unity are assumed. Without (1, 1) entry the (21) has Le−Lµ−
Lτ symmetry, which also can be used [37] for obtaining bi-maximal texture. In our case
deviation from (1, 1) zero entry is controlled by U(1) flavor symmetry [34]. The nonzero
(1, 1) entry in (21) guarantees that ∆m212 6=0. Using (21) the oscillation parameters are:
∆m232 ≡ m2atm = m2 ∼ 10−3 eV2 ,
A(νµ → ντ ) ∼ 1 , (22)
∆m221 ≃ 2m2atmǫn ,
A(νe → νµ,τ ) = 1−O(ǫ2n) . (23)
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Note that the model does not constrain n for the time being. So, LMA and LOW solutions
for solar neutrinos can be realized. With prescription (18), the expected contribution from
the charged lepton sector to the angles θl23 and θ
l
12 will be ∼ 1 and ∼ ǫn respectively. These
do not alter the expressions in (22), (23).
The U(1) charge selection in (18) nicely blends with the charged fermion sector. In-
deed, considering the following prescription:
Qq3 = 0 , Qq2 = 2 , Qq1 = 3 , Qdc3 = Qdc2 = p+ k ,
Qdc
1
= p+ k + 2 , Quc
3
= 0 , Quc
2
= 1 , Quc
1
= 3 ,
Qec
3
= p , Qec
2
= p+ 2 , Qec
1
= p+ 5− n , (24)
the structures of Yukawa matrices for up-down quarks and charged leptons are respec-
tively:
uc1 u
c
2 u
c
3
q1
q2
q3

 ǫ
6 ǫ4 ǫ3
ǫ5 ǫ3 ǫ2
ǫ3 ǫ 1

 hu , (25)
dc1 d
c
2 d
c
3
q1
q2
q3

 ǫ
5 ǫ3 ǫ3
ǫ4 ǫ2 ǫ2
ǫ2 1 1

 ǫp+khd , (26)
ec1 e
c
2 e
c
3
l1
l2
l3


ǫ5 ǫn+2 ǫn
ǫ5−n ǫ2 1
ǫ5−n ǫ2 1

 ǫp+khd . (27)
Upon diagonalization of (25)-(27) it is easy to verify that the desired relations (2)-(5) for
the Yukawa couplings and CKM matrix elements are realized. From (26), (27) we have
tan β ∼ ǫp+kmt
mb
. (28)
As we previously mentioned, MSSM does not fix the values of n, k, p in (18), (24). Because
of this, the solar neutrino oscillation scenario is not specified and both LMA and LOW
are possible solutions.
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2.2 DA-term SUSY Breaking Suppression of FCNC and Nucleon
Decay
The cancellation of DA-term (10) was ensured by the VEV of X (at this stage we do
not consider any superpotential couplings for X). Including a mass term for X in the
superpotential,
Wm =
m
2
X2 , (29)
the cancellation of DA will be partial, and SUSY will be broken due to non-zero F and
D terms. Taking into account (10) and (29), we have
X2 = ξ − 4m
2
g2A
, 〈DA〉 = 4m
2
g2A
, 〈FX〉 ≃ m
√
ξ . (30)
From (10), taking into account (30), for the soft scalar masses squared (mass2) we have
m2ϕ˜a = Qam
2 . (31)
Thus, the scalar components of superfields which have non-zero U(1) charges gain masses
through 〈DA〉. We will assume that the scale m is in the range ∼ 10 TeV. Those states
which have zero U(1) charges will gain soft masses of the order of gravitino mass m3/2
from the Ka¨hler potential
m3/2 =
FX√
3MP
= m
ǫ√
3
, (32)
which, for m = 10 TeV, is relatively suppressed (∼ 1 TeV). The gaugino masses also will
have the same magnitudes
MG˜i ∼ m3/2 ∼ 1 TeV . (33)
The mass term (29) violates the U(1) symmetry and is taken to be in the 10 TeV
range. Its origin may lie in a strong dynamics where m is replaced by the VEV of some
superfield(s). We do not present here any examples of this and refer the reader to [21],
[22] for detailed discussions. The important point is that the soft masses (31) of sparticles
are controlled by the U(1) symmetry.
Turning now to the question of FCNC, we require that the ‘light’ quark-lepton su-
perfields carry non-zero U(1) charges. This means that the soft masses of their scalar
components are in the 10 TeV range, which automatically suppresses flavor changing pro-
cesses such as K0 − K¯0, µ→ eγ etc., thereby satisfying the present experimental bounds
[1]. To prevent upsetting the gauge hierarchy, the third generation up squarks must have
masses no larger than a TeV or so [24] (hence they have zero U(1) charge). The same
applies to sbottom and stau for large tan β since, for λb ∼ λτ ∼ 1, large masses (>∼ 10 TeV)
of b˜ and τ˜ would spoil the gauge hierarchy.
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Although the tree level mass of the stop can be arranged to be in the 1 TeV range
by the U(1) symmetry, the 2-loop contributions from heavy sparticles of the first two
generations can drive the stop mass2 negative [24]. This is clearly unacceptable, and one
proposal for avoiding it [25] requires the existence of new states in the multi-TeV range.
This type of extension makes the decoupled solution viable and realistic models can be
built [22].
Let us now turn to some implications for proton decay. We assume that d = 5 baryon
number violating operators arise from the couplings
qAqT + qBlT¯ , (34)
after integration of color triplets T, T¯ with mass MT ∼ 2 · 1016 GeV (we first consider
triplet couplings with left-handed matter). After wino dressing of appropriate d = 5
operators, the resulting d = 6 operators causing proton to decay into a neutrino and
charged lepton channels have the respective forms [3], [4]:
g22
MT
α(uad
i
b)(d
j
cν
k)εabc , (35)
g22
MT
α′(uad
i
b)(uce
j)εabc , (36)
where
α = −[(L+d BˆLe)jk(L+u AˆL∗d)mn + (L+d AˆL∗u)jm(L+d BˆLe)nk]Vmi(V +)n1I(u˜m, d˜n)+
[(L+u AˆL
∗
d)1i(L
+
u BˆLe)mk − (L+d AˆL∗u)im(L+u BˆLe)ik]VmjI(u˜m, e˜k) , (37)
α′ = [−(L+u AˆL∗d)1i(L+d BˆLe)mj + (L+u AˆL∗d)1m(L+d BˆLe)ij](V +)m1I(d˜m, ν˜j)+
[(L+u BˆLe)1j(L
+
u AˆL
∗
d)mn + (L
+
u AˆL
∗
d)1m(L
T
e Bˆ
TL∗u)jn](V
+)m1VniI(d˜
m, u˜n) . (38)
L’s are unitary matrices which rotate the left handed fermion states to diagonalize the
mass matrices, and I’s are functions obtained after loop integration and depend on the
SUSY particle masses circulating inside the loop. For example [3],
I(u˜, d˜) =
1
16π2
mW˜
m2u˜ −m2d˜
(
m2u˜
m2u˜ −m2W˜
ln
m2u˜
m2
W˜
− m
2
d˜
m2
d˜
−m2
W˜
ln
m2
d˜
m2
W˜
)
, (39)
with similar expressions for I(d˜, ν˜) and I(u˜, e˜).
Consider those diagrams in which sparticles of the first two families participate. Since
their masses are large (>∼ 10 TeV) compared to the case with minimal N = 1 SUGRA,
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we expect considerable suppression of proton decay. For minimal N = 1 SUGRA, mu˜ ∼
md˜ ∼ mW˜ ∼ m3/2 ∼ 1 TeV, and (39) can be approximated by
I0 ≈ 1
16π2
1
m3/2
. (40)
In the U(1) mediated SUSY breaking scenario, expression (39) takes the form
I ′ ≈ 1
16π2
mW˜
m2q˜
≡ ηI0 (41)
The nucleon lifetime in this case will be enhanced by the factor 1
η2
∼ 104.
Of course, there exist diagrams in which one sparticle from the third and one from the
‘light’ families participate. In this case, (39) takes the form
I ′′ ≈ 1
16π2
2mW˜
m2q˜
ln
mq˜
mW˜
≡ η′I0 (42)
and the corresponding proton lifetime will be ∼ 1
η′2
∼ 500 times larger. This suppression is
enough to bring the proton lifetime near the experimental limit, providing an opportunity
for testing this type of scenario in the near future.
As pointed out in [3], [4] (within minimal N = 1 SUGRA), the contribution from
diagrams in which sparticles from the third generation participate could be comparable
with those arising from the light generation sparticle exchange. Namely, second term
of (37) with t˜, τ˜ inside the loop give a contribution comparable to diagrams with first
two generation sparticles circulating inside the loop. Since minimal SUSY SU(5) gives
unacceptably fast proton decay with τ0 ∼ 1029±2 yr, care must be exercised in realistic
model building (the situation is exacerbated if tan β is large). This problem is easily
avoided in the anomalous U(1) mediated SUSY breaking scenario. Note that in second
term of (37) the I depends on mass of e˜k state and even if the latter belongs to the
third family, it can have mass in the 10 TeV range if tanβ is either of intermediate
(∼ 10 − 15) or low value (this is required for preserving the desired gauge hierarchy).
The contributions coming from first term of (37) could be adequately suppressed due to
CKM matrix elements [note that first term in (37) contains extra multiplier (V +)n1]. In
sect. 3, for SU(5) GUT example we will precisely show this. Due to same reasons the
contributions from terms of (38) are suppressed. Since these terms would induce p→ Kµ
decays, the additional inhensiment factor (of the order of 10) in proton lifetime come from
the hadronic matrix element, which correspond to proton decay with emission of charged
lepton.
As far as the right handed d = 5 operators uciucjdcmecn are concerned, the dominant
contribution from them comes through higgsino dressings. Due to antisymmetry in respect
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of color in this d = 5 operator, uc states should be taken from the different generations.
So, either cc or tc will appear. Thay must not be appeared in an external line after
dressing, otherwise the diagram would not be relevant for nucleon decay. Since first two
generation sparticles and also all d˜c
i
states are in 10 TeV range, relevant diagram would
be that one which inside the loop contain t˜c and τ˜ c states (the latter is neccessarily light
within SU(5) GUT, because it comes from 103 plet). Due to suppressed mixings of third
generation states with first and second generations and also due to small Yuakawas (in
small tanβ regime) appearing due to higgsino dressing, the suppression of nucleon decay
can be guaranteed also for this case [this is shown in sect. 3 on an SU(5) example].
In general, within this scenario universality does not hold and nucleon decays through
gluino dressings would occur. However, heavy sparticles will still play a crucial role in
suppression of nucleon decay. Which contribution is dominant depends on the details of
the scenario and in sect. 3 we study this issue within a realistic SU(5) model.
Thus, thanks to the anomalous U(1) symmetry, in addition to avoiding dangerous
FCNC, one can also obtain adequate suppression of nucleon decay. Interestingly, this
disfavors the large tan β regime which could be a characteristic feature of this class of
models.
2.3 Possible neutrino oscillation scenarios
As we previously mentioned, MSSM does not fix the values of n, k, p in (18), (24). Because
of this, the solar neutrino oscillation scenario is not specified. According to (23) both LMA
and LOW are possible solutions. Namely, for n = 3 we have ∆m212 ∼ 10−5 eV2, which
corresponds to LMA. n = 6 gives ∆m212 ∼ 10−7 eV2, which is the scale for the LOW
solution
In SUSY SU(5) GUT, due to unified 10, 5¯ multiplets:
Qq = Qec = Quc = Q10 , Ql = Qdc = Q5¯ . (43)
Hierarchies of the CKM matrix elements in (5) dictate the relative U(1) charges of the
10-plets
Q103 = 0 , Q102 = 2 , Q101 = 3 , (44)
while the Yukawa hierarchies (2)-(4), together with (44), require that
Q5¯3 = Q5¯2 = k , Q5¯1 = k + 2 . (45)
Comparing (43)-(45) with (18), (24) we see that the minimal SU(5) GUT fixes n and p
as
n = 2 , p = 0 . (46)
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The mass squared splitting in (23) then equals ∆m212 ∼ 10−4eV2, which is a reasonable
scale for LMA scenario. Therefore, realisation of our bi-maximal mixing scenario in the
framework of SU(5) GUT dictates that the LMA scenario is responsible for the solar
neutrino deficit (more detailed discussion of SU(5) GUT will be presented in the next
section). The same conclusion can be reached for SO(10) GUT where we have three
16-plets of chiral supermultiplets which unify the quark-lepton superfields. We do not
present the details here but refer the reader to [35], where an explicit SO(10) model with
anomalous U(1) flavor symmetry is considered for explanations of fermion masses, their
mixings, as well as neutrino anomalies.
For models in which an anomalous flavor U(1) also provides SUSY breaking soft
masses, from (31) we should require Qq˜,l˜ > 0. On the other hand, from (23), the re-
alization of LMA and LOW respectively require n = 3 and n = 6 (if p >− 1), both of which
guarantee Qec
>
− 0. Therefore, a scenario in which an anomalous flavor U(1) mediates
SUSY breaking permits LMA and LOW oscillations for solar neutrinos (the large angle
vacuum oscillation would not be realized within this scenario, since it requires n = 10
giving negative Qec).
3 An SU(5) Example
Let us now consider in detail a SUSY SU(5) GUT and show how things discussed in the
previous section work out in practice. We also present here the possibility for avoiding
the problematic asymptotic mass relations Mˆ0d = Mˆ
0
e (for first and second families).
The three families of matter in (10+ 5¯) representations have the transformation prop-
erties as given in (44), (45), while the scalar superfields H¯(5¯)+H(5) have QH¯ = QH = 0.
The couplings relevant for the generation of up, down quark and charged lepton masses
respectively are given by
101 102 103
101
102
103


ǫ6 ǫ5 ǫ3
ǫ5 ǫ4 ǫ2
ǫ3 ǫ2 1

H , (47)
5¯1 5¯2 5¯3
101
102
103

 ǫ
5 ǫ3 ǫ3
ǫ4 ǫ2 ǫ2
ǫ2 1 1

 ǫkH¯ . (48)
Upon diagonalization of (47), (48) we obtain the desirable hierarchies (2)-(5) and λb ∼
λτ ∼ ǫk.
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The reader will note, however, that (48) implies the asymptotic mass relations Mˆ0d =
Mˆ0e , which are unacceptable for the two light families. This is readily avoided through
the mechanism suggested in [18], [7] by employing two pairs of (15+ 15)1,2 matter states.
Namely, with U(1) charges
Q151 = −Q151 = 3 , Q152 = −Q152 = 2 , (49)
consider the couplings
101 102 103
151
152
(
1 0 0
ǫ 1 0
)
Σ ,
151 152
151
152
(
1 0
ǫ 1
)
M15 ,
(50)
where Σ is the scalar 24-plet whose VEV breaks SU(5) down to SU(3)c×SU(2)L×U(1)Y .
For M15 ∼ 〈Σ〉, we see that the ‘light’ q1,2 states reside both in 101,2 and 151,2 states with
similar ‘weights’. At the same time, the other light states from 10-plets (uc and ec) will
not be affected because the 15-plets do not contain fragments with the relevant quantum
numbers. Thus, the relations m0s = m
0
µ and m
0
d = m
0
e are avoided, while m
0
b = m
0
τ still
holds since the terms in (50) do not affect 103.
As far as the sparticle spectrum is concerned, since the superfields 103, H¯, H have zero
U(1) charges, the soft masses of their scalar components will be in the 1 TeV range,
m1˜03 ∼ mH¯ ∼ mH ∼ m3/2 = 1 TeV , (51)
while for 101,2 and 5¯1 we have
m1˜01 ∼ m1˜02 ∼ m˜¯51 ∼ m ∼ 10 TeV . (52)
The soft masses of the scalar fragments from 5¯2,3 depend on the value of k, and for k 6= 0,
they also will be in the 10 TeV range, which is preferred for proton stability. As far as
neutrino oscillations are concerned, as already pointed out in sect. 1.3, due to SU(5) and
U(1) charge prescriptions, the LMA solution is preferred with the texture in (21).
3.1 Nucleon Decay in SU(5)
Turning to the issue of nucleon decay in SU(5) , we will take k 6= 0 in (45), which provides
soft masses for 5¯2,3 states in the 10 TeV range. Let us first make sure that this ensures
proton stability. As pointed out in sect. 2, diagrams with slepton inside the loop [2nd
term of (37) and 1st term of (38)] are appropriately suppressed.
The diagrams corresponding to the first terms in (37) induce nucleon decay with the
dominant mode p → Kνµ,τ with t˜ and b˜ running in the loop. For our scenario, taking
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into account the couplings (47), (48), (50), the dominant contribution accompanying I
(from first term in (37)) is of order order of ǫk+2λtVtdVub ∼ λsλtVtdVub. The corresponding
partial lifetime in units of τ0 ≡ τ [min. SUSY SU(5)] will be τ(p→ Kνµ,τ ) = τ0
(
λc sin2 θc
λtVtdVub
)2
.
For the CKM matrix elements we have
Vtd = 0.004− 0.014 , Vub = 0.0025− 0.0048 , (53)
and for their central values we have τ(p → Kνµ,τ ) = 217τ0, which presumably is still
compatible with the available limits (of course, for lower values in (53) we can have much
longer lived nucleon τ(p→ Kνµ,τ ) ∼ 2 · 103τ0).
The second term in (38) induces the decay p → Kµ. It can be verified that the
suppression discussed above occurs in this case too. Furthermore, additional inhancement
of the partial lifetime by a factor of order 10 occurs from the hadronic matrix element
corresponding to proton decay with emission of charged lepton.
As far as the right handed ucucdcec type d = 5 operators are concerned, due to
arguments presented at the end of sect. 2, the relevant d = 5 operator will be τ˜ ct˜cucsc
which in our SU(5) model, according to (47), (48), (50) will appear as 1
MT
λtλbǫ
3 · τ˜ ct˜cucsc.
After higgsino dressing relevant d = 6 operator will have the form
κ
MT
λ2tλ
2
bǫ
3Vtd · (uc sc)(dνµ,τ ) . (54)
κ is factor which coincides with those appearing in minimal SUSY SU(5) (we assume that
MW˜ ≃ µ-term). Operator (54) leads to p → Kνµ,τ and corresponding partial lifetime is
τ(p → νµ,τ ) =
(
g2
2
λsλc sin2 θc
λ2
b
λ2t ǫ
3Vtd
)2
τ0, which for λb ∼ 10−2 (tanβ ∼ 1) and Vtd = 0.004 gives
τ(p→ Kνµ,τ ) ∼ 400τ0, compatible with experimental data.
In considered SU(5) GUT due to different U(1) charges the universality of soft mass2
is violated. Because of this nucleon decay through gluino dressings will not be canceled
(as is the case in minimal N = 1 SUGRA). So, these diagrams are important since the
proton decay amplitude will be increased by the factor α3/α2. For our SU(5) scenario
the dominant contributions come from diagrams inside which run the third generation
sparticles (namely t˜, b˜ from q3). The relevant d = 5 operators, obtained after integration
of colored triplet higgs fields, will be
1
MT
λtλbǫ
3 · t˜b˜dνµ,τ , 1
MT
λtλbǫ
2 · t˜s˜dνµ,τ , (55)
1
MT
λtλbǫ · t˜b˜uµ , (56)
which, after gluino dressings, lead to the following four-fermion operators:
κ
MT
α3λtλbǫ
2Lu13
[
ǫLd23 · (dνµ,τ ) (us) + Ld13 · (sνµ,τ ) (ud)
]
, (57)
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κMT
α3λtλµǫL
u
13L
d
23 · (uµ) (us) . (58)
Lu,d are unitary matrices that rotate the left-handed up and down quark flavor states.
Operators (57) and (58) respectively lead to the decays p → Kνµ,τ , p → Kµ, and the
corresponding lifetimes are
τ(p→ Kνµ,τ ) =
[
α2
α3
λsλc sin
2 θc
λbλtǫ3Lu13L
d
23
]2
τ0 , (59)
τ(p→ Kµ) = 10
[
α2
α3
λsλc sin
2 θc
λµλtǫLu13L
d
23
]2
τ0 . (60)
For Vcb we have
Vcb = 0.036− 0.046 , (61)
which together with (53) can dictate that the values of Lu,d can vary,
Lu12 , L
d
13 = (1.8− 3.5) · 10−3 , Ld23 = (2− 4) · 10−2 . (62)
Taking the lowest values from (62), the nucleon lifetimes are
τ(p→ Kνµ,τ ) ∼ 177τ0 , τ(p→ Kµ) ∼ 2 · 103τ0 , (63)
which are still compatible with the experimental bounds5, with the dominant decay mode
being p→ Kνµ,τ .
Before concluding, let us note that the Planck scale suppressed baryon number vio-
lating d = 5 operator 1
MP
q1q1q2l2,3, which could cause unacceptably fast proton decay, is
also suppressed, since it emerges from the coupling
1
MP
(
X
MP
)8+k
1011011025¯2,3 , (64)
with the suppression guaranteed by the U(1) symmetry.
4 Conclusions
It is quite remarkable that the introduction of an anomalous U(1) symmetry within a
supersymmetric setting can have several far reaching consequences. In particular, the
flavor and dimension five proton decay problems encountered in SUSY models can be
5The lifetimes can be further increased if say Ld23 is more suppressed and in the appropriate entry of
CKM matrix the main contribution comes from Lu.
15
overcome. The atmospheric and solar neutrino puzzles can be nicely explained via neu-
trino oscillations. Although we have emphasized the SU(5) model here, the discussion
can be extended to other realistic models such as those based on SO(10).
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